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Abstract
The low-energy structures (LESs) of adatom clusters on a series of metal face-centered cubic (fcc) (110) surfaces are
systematically studied by the genetic algorithm, and a simplified model based on the atomic interactions is
developed to explain the LESs. Two different kinds of LES group mainly caused by the different next nearest-
neighbor (NNN) adatom-adatom interaction are distinguished, although the NNN atomic interaction is much
weaker than the nearest-neighbor interaction. For a repulsive NNN atomic interaction, only the linear chain is
included in the LES group. However, for an attractive one, type of structure in the LES group is various and replace
gradually one by one with cluster size increasing. Based on our model, we also predict the shape feature of the
large cluster which is found to be related closely to the ratio of NN and NNN bond energies, and discuss the
surface reconstruction in the view of atomic interaction. The results are in accordance with the experimental
observations.
PACS: 68.43.Hn; 68.43.Fg.
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Introduction
In the next-generation microelectronics and ultra-high-
density recording, the fully monodispersed nanostruc-
tures are believed to be one of the most promising
materials [1]. In order to fabricate such nanostructures,
knowledge of the morphology of nanoclusters on sur-
faces becomes enormously important. So far, numerous
experimental observations and theoretical investigations
into structures of clusters have been reported on transi-
tion and noble fcc metal surfaces, e.g., fcc(111), fcc(100),
and fcc(110) surfaces [2-10]. However, such studies
mainly focus on the lowest-energy structures. For the
structures with energy close to the lowest one, which
are named low-energy structures here, investigations
and discussions are far from enough. At the usual
experimental temperature, besides the lowest-energy
structure, the low-energy ones also appear frequently
owing to thermal effect and usually play significant role
in many surface thermodynamic processes [11]. In ear-
lier publications, the low-energy structures of adatom
cluster on fcc(111) have been systematically studied, and
it has been shown how the atomic interactions deter-
mine the equilibrium structures and shapes of the sup-
ported clusters [10]. In order to get a global view on the
morphology of supported homoepitaxial clusters, here
we investigate further a series of metal homoepitaxial
clusters on fcc(110) surfaces, whose structure character-
istics are far different from those of fcc(111).
Calculation method
Four metal homoepitaxial systems are investigated: Ni,
Cu, Pt, and Ag. The atomic interactions are described
by semiempirical potentials. The semiempirical potential
might not be as accurate as the first-principle method in
describing atomic interaction, but it enables us to study
systematically clusters in a large size range, which is
quite expensive for the latter one. Considering of the
shortcoming of the semiempirical method, here we
focus on the relationship between the atomic interaction
and the structure of cluster, which is not sensitive to
the accuracy of potential. However, we still choose the
potentials carefully that nicely describe the surface diffu-
sion [12,13]. For Ni and Cu, the atomic interactions are
described by the embedded-atom method (EAM)
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provided the original work is properly cited.potential given by Oh and Johnson [14] and the poten-
tial developed by Rosato, Guillopé, and Legrand (RGL)
on the basis of the second-moment approximation to
the tight-binding model [15,16], respectively. While, for
Pt and Ag, the atomic interactions are all modeled by
the surface-embedded atom method (SEAM) potential
given by Haftel and Rosen for the surface environment
[17,18].
Clusters are put on a slab containing 12 atom layers in
Z direction, in which three bottoms of them are fixed to
simulate a semi-infinite slab, while the atom numbers in
X and Y directions vary with the cluster size n.P e r i o d i c
boundary conditions are applied in X and Y directions.
The clusters with size n = 2 to 39 are studied. Struc-
tures are optimized according to their energy by the
genetic algorithm (GA), which has been described in
detail in our previous publications [7,8].
Results and discussion
In the present work, we investigate the structures whose
energy differences with the lowest one are smaller than
0.12 eV. These structures are defined as the low-energy
structures (LESs). According to the Boltzmann distribu-
tion, the probability of finding a structure whose energy
is 0.12 eV higher than the lowest one is less than 1% at
room temperature. Under the definition of LES above,
we see that the low-energy structures obtained by our
genetic algorithm are all two-dimensional on the sur-
faces studied here, i.e., three-dimensional structures are
excluded from the LES group for their higher energy.
However, on the different surface, the structure features
are different as expected. On Ni(110), Ag(110), and Cu
(110) surfaces, various types of structures are included
in the LES group. In Figure 1, for example, the low-
energy structures of cluster n =1 5o b t a i n e db yo u r
genetic algorithm on Cu(110) and Pt(110) are given. On
Cu(110) surface, as shown in Figure 1a, both the linear
chain and two-dimensional islands appear. The energy
of linear chain is lower than that of three-row islands
and higher than those of short two-row islands. While
on Pt(110) surface, as shown in Figure 1b, there is only
one structure type in the LES group, i.e., the linear
chain along the [1¯ 10]. For other cluster sizes, the
results are similar to those of cluster n = 15 on Ni(110),
Ag(110), Cu(110), and Pt(110), i.e., the structure types
of LES on Ni(110), Ag(110), and Cu(110) surfaces are
various and change with the cluster size, while on Pt
(110) surface, only one type of structure is included in
LES group.
In order to understand the results on Ni(110), Ag
(110), Cu(110), and Pt(110) surfaces, and give a general
relationship between the structure and the atomic inter-
a c t i o n ,w et r yt og i v eas i m p l i f i e do ra p p r o x i m a t e d
model in the following for describing the energy of the
system, which is based on only the two-body atomic
interaction. We decompose the total internal energy E
of the system into three parts:
E = Eaa + Eas + Eslab, (1)
where Eaa, Eas, and Eslab refer to the energies contribu-
ted by the adatom-adatom interaction, the adatom-sub-
strate interaction, and the bare slab internal interaction,
respectively. For Eaa, we consider the nearest-neighbor
(NN), next nearest-neighbor (NNN), and third nearest-
neighbor (TNN) interactions, and then Eaa can be writ-
ten as:
n=15 
n=15 
Figure 1 Low-energy structures of cluster n = 15 (a) on Cu(110) and (b) on Pt(110) surface. From structures 1 to 7, the energy is
increasingly higher. The nearest-neighbor (NN), next nearest-neighbor (NNN), and third nearest-neighbor (TNN) bonds are indicated in (c).
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where Cnn, Cnnn,a n dCtnn refer to the numbers of
NN, NNN, and TNN bonds, respectively. Enn, Ennn,a n d
Etnn are the energies of NN, NNN, and TNN bonds,
respectively. As shown in Figure 1c, one NNN bond
generally corresponds to two TNN bonds, i.e., Ctnn ≈
2Cnnn. Therefore, the last two terms in the right side of
Equation 2 can be written as CnnnEnnn+CtnnEtnn=Cnnn
(Etnn+2Etnn). For convenience, we set (Ennn +2 Etnn)a s
E∗
nnn, i.e., E*
nnn = Ennn +2 Etnn. Considering the number
of TNN bonds has fixed proportion with that of NNN
bonds, and the TNN atomic interaction is much weaker
than the NNN atomic interaction, we regard E∗
nnn as the
effective bond energy of NNN bond. Therefore, Equa-
tion 2 can be written as:
Eaa = −(CnnEnn + CnnnE*
nnn). (3)
The values of Enn and E∗
nnn can be obtained by com-
paring the cohesive energies of structures with different
Cnn and Cnnn [8]. For the adatom-substrate interaction,
our calculation shows that it is not sensitive to the con-
figuration of cluster and thus Eas can approximately be
viewed as a linear function of cluster size n, i.e.,
Eas = −nE0
as,w h e r eE0
asrefers to the cohesive energy
contributed by adatom-substrate interaction of one ada-
tom. Then, Equation 1 can be written as:
E = −(CnnEnn + CnnnE∗
nnn) − nE0
as + Eslab (4)
Considering that the energy contributed by the bare
slab internal interaction, i.e., Eslab, can be approximately
viewed as invariant, we then get the energy difference
ΔE between the two structures as following:
 E = −( CnnEnn +  CnnnE*
nnn). (5)
Equation 5 shows that the energy difference of two
structures results from the different nearest-neighbor
and effective next nearest-neighbor adatom-adatom
interactions.
By examining the structure feature of cluster on fcc
(110) surface, one can see the numbers of NN and
NNN bonds satisfy:
Cnn = n − r
Cnnn = n − l, (6)
in which r and l are the numbers of rows and lines of
the cluster, respectively. For example, structure 1 in Fig-
ure 1a, r = 2 and l =8 ,t h e nCnn =1 3a n dCnnn =7 .
With Equations 4 and 6, total internal energy can be
written as:
E = −[(n − r)Enn + (n − l)E∗
nnn] − nE0
as + Eslab
=

r + l/ξ

−

1+1 / ξ

n

Enn − nE0
as + Eslab, (7)
where ξ = Enn/E∗
nnn.I nE q u a t i o n7 ,o n l yo n et e r m

r + l/ξ

Ennis relevant to the structure. We denote

r + l/ξ

as structure factor F, i.e.,
  = r + l/ξ. (8)
With this simplified model Equation 7, for different
structures of a cluster, we can predict their energy
sequence just by comparing the values of F,w h i c hc a n
be easily obtained by counting the numbers of rows and
lines. Note that the bond energy Enn is always positive,
the larger structure factor F then means the higher
energy of the structure, and vice versa. In other words,
the lowest-energy structure should have the smallest
structure factor F.
On Pt(110) surface, our calculation shows that the bond
energy E∗
nnn is negative, which means the effective next
nearest-neighbor adatom-adatom interaction is repulsive,
and then the parameter ξ = Enn/E∗
nnn < 0. According to
Equation 8, when r is minimized and l is maximized, i.e., r
=1a n dl = n,s t r u c t u r ef a c t o rF reaches the minimum
and the corresponding structure has the lowest energy.
The r = 1 and l = n suggest that the cluster has the linear
chain structure. Therefore, the linear chain is always the
lowest-energy structure on Pt(110). In Figure 2, we give
the relative energy distribution of linear chain, broken
chain, and two-row island. For the broken chain and two-
row island, only their lowest energies are shown for sim-
plification. As shown in Figure 2, there are obvious gaps
among the two-row island and linear and broken chains,
and these gaps generally keep unchanged with cluster size
increasing. For the broken chain, we have r = 2 and l = n,
and for the two-row island, r = 2 and l ≤ n − 1. According
to Equation 7, the energies of broken chain and two-row
island are much higher than that of linear chain; the
energy differences with linear chain are, respectively, Enn
and ≥(Enn − E∗
nnn). Based on our calculation, both Enn and
(Enn − E∗
nnn) are much larger than 0.12 eV, the energy dif-
ference for defining the low-energy structure here. There-
fore, both the two-row island and broken chain are always
excluded from the LES group. As to islands with more
than two rows, their energies are even much higher than
that of two-row island because they have more NNN and
less NN bonds, and they are also not included in the LES
group. That is to say, the simplified model Equation 7
explains well the result of GA optimization on Pt(110) sur-
face, where only one structure type, i.e., the linear chain
appears in the LES group.
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from the case on Pt(110), the calculation shows that
the bond energy E∗
nnn is positive. Then,
ξ = Enn/E∗
nnn > 0, which means, according to Equa-
tions 7 and 8, the structures with low energy on Ni
(110), Cu(110), and Ag(110) surfaces should have
proper numbers of rows and lines to ensure low struc-
ture factor F. For example, n = 15 on Cu(110) as
s h o w ni nF i g u r e1 a ,t h ep r o p e rv a l u e si n c l u d er =2 ,l
=8 ;r =1 ,l =1 5 ;r =3 ,l = 6, etc., because the struc-
tures with these values have low energy and all of
them are included in the LES group. If the structures
with the same row are classified as one structure type,
then the LES group on Cu(110), also on Ni(110) and
Ag(110) surfaces, contains several types of structures.
When the cluster size increases, it is easy imaginable
that the structure types will change for keeping the
proper values of r and l. It is indeed true as shown in
our GA optimization results and closely related to the
type change of the lowest-energy structure, the details
of which are described later.
In our previous work [8], we reported the type change
of the lowest-energy structure at critical size n = nc
R.
Here, with the model Equation 7, we can further give
the explicit expression for nc
R.W h e nt h el o w e s t - e n e r g y
structure changes from R rows to R + 1 rows, the num-
ber of lines will change from L to (L − dl) correspond-
ingly, where dl is the decrement of number of lines. The
change of the structure type at n = nc
R,a c c o r d i n gt o
Equation 7, means that the configuration with (R+1)
rows and (L − dl) lines instead of R rows and L lines
has the lowest F. Namely R+L/ξ>R+1+(L-dl)/ξ, i.e., dl>ξ.
The dl should be an integer, and then dl>ξ means
dl = Int(ξ)+1 (9)
For example, on Cu(110) surface, our calculation gives
the ratio of Enn and E∗
nnn, which is ξ = 5.26, and then dl
=6 .I nF i g u r e3 ,w eg i v es o m es t r u c t u r e so fR-row and
(R + 1)-row types (R=2) whose energies are the lowest
in their own type. At the critical cluster size nc
R, R-row
structure changing to (R + 1)-row structure also means
that their energy difference reaches minimum. Accord-
ing to our model Equation 7, in which only NN and
NNN bonds are considered, the most probability for
these two structures is that they are all perfect rectangle
as shown in Figure 3 at size n = 36. Therefore, we have
n = RL = (R +1 )(L − dl) =3 6.T h e nw h e t h e rn = RL =
(R+1)(L-dl)i sj u s tt h ec r i t i c a ls i z enc
R? We see cluster n
= 35, at which Equation 9 is also satisfied, i.e., dl = Int
(ξ)+1 = 6, and the relationship
RL = (R +1 )(L − dl) (10)
is still valid. If we continue to subtract one atom, i.e.,
n =3 4 ,t h eR-row structure with one-less line compar-
ing with that of n = 36 appears, as shown in Figure 3,
because such structure can keep the energy being lowest
according to the model Equation 7. As a result, from R-
row structure to R +1o n ea tn =3 4 ,dl = 5n ol o n g e r
satisfies Equation 9. Therefore, on Cu(110) surface, the
critical size for two-row type changing to three-row one
should be nc
R =3 5, and it can be written in general
form,
nc
R = RL − (R − 1)
With Equations 9 and 10, we can finally fix the critical
size, which satisfies:
n=15 
Figure 2 The relative energy distribution. For simplification only the lowest energies of liner chain (solid squares), broken chain (open
squares), and two-row island (dots) on Pt(110) surface are given. The structures of cluster n = 15 as an example are shown in the right. The
number in the bracket means the number of NN and NNN bonds, respectively.
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R = R(R +1 ) [Int(ξ)+1 ]− R +1 (11)
Therefore, according to Equation 11, we can predict
the type change of the lowest-energy structure. Still take
Cu(110) as an example (ξ = 5.26), from Equation 11, the
change of the lowest-energy structure from one linear
chain to two-row island will occur at n = nc
1 =1 2,a n d
two-row island to three-row one at n = nc
2 =3 5,t h e s e
predictions for the lowest-energy structure are in accor-
dance with our GA optimization result. In Figure 4, we
further give the relative energy distribution of the four
structure types on Cu(110), the crossing of the lines
means the change of the structure type, which just
appears at the cluster sizes as Equation 11 given, i.e., at
n = 12 and 35. On Ni(110) and Ag(110) surfaces, the nc
1
and nc
2 are also obtained from Equation 11 and given in
Table 1, which are consistent with GA optimization
results. On Ag(110) for example, ξ is 37.56 and then
nc
1 =7 6 and nc
2 = 227, which are much larger than
those on Cu(110) (see Table 1). Accordingly, as shown
i nF i g u r e5 ,t h et y p ec h a n g eo ft h el o w e s t - e n e r g ys t r u c -
ture is much slower than that on Cu(110) with the clus-
ter size increasing.
Corresponding to the type change of the lowest-
energy structure, the low-energy structures studied here
show an interesting stepwise replacement in type with
the cluster size increasing. For example, on Cu(110),
there is only linear chain in the LES group for n ≤ 5. At
Figure 3 The lowest-energy structures with two and three rows for cluster n = 34, 35 and 36, respectively.
Figure 4 The relative energy distribution. The energies of liner chain (solid squares), broken chain (open squares), two-row islands (dots), and
three-row islands (open circles) are given on Cu(110) surface. Only the lowest energies are considered as before.
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GA optimization shows that when the cluster size n
increases, the energy of two-row island is increasingly
lower than that of the linear chain, and at n =1 2 ,a s
mentioned above, the two-row island becomes the low-
est-energy structure of the cluster. When the size
increases further, the linear chain gradually disappears
from the LES group, meanwhile the three-row island
appears. The two-row island maintains in the group. At
n = 16, there is no linear chain in the LES group. When
the cluster size becomes much larger than 16, similar to
the case of linear chain, the energy of two-row island is
increasingly higher than that of three-row island. At n =
35, as mentioned above, the three-row island becomes
the lowest-energy structure. When cluster size increases
further, the two-row islands are gradually excluded from
the LES group, meanwhile the four-row island appears
in the LES group. At that time, the three-row island
maintains in the group. In one word, when the cluster
size increases, the structures with more rows replace the
ones with fewer rows step by step. The stepwise
replacement of the low-energy structures also appears
on Ag(110) and Ni(110) surfaces, the difference is only
the speed of the replacement owing to the different
ratio ξ and then nc
R. For example, on Ag(110) surface,
the speed of the replacement with the cluster size
increasing is much slower than that on Cu(110) like Fig-
ures 4 and 5 for the change of the lowest-energy
structure.
In terms of NN and NNN atom-atom interactions, we
give a simple model Equation 7 to describe the energy
of the cluster adsorbed on fcc(110) surface. In the
above, we see that the model explains well the distin-
guishing features of the low-energy structures obtained
by our GA optimization, including structure type vary-
ing with the surface species and cluster size, which sug-
gest that the model is reasonable. The most important
is that based on our model Equation 7, we can further
explore the equilibrium shape of large islands on fcc
(110) surfaces, which is difficult to be obtained directly
by GA optimization owing to the heavy computation.
For numbers of rows and lines in cluster, we have
rl = n − d, (12)
where d is the number of atoms needed for the cluster
to form a complete r × l rectangular island, and it satis-
fies 0 ≤ d <l. For example, the structure (7) in Figure 1a
has d = 3. When the cluster size n increases, the value
of d linearly oscillates from 0 to (l − 1). Considering
that the problem we are interested in here is the general
shape of the low-energy islands in equilibrium state, we
t a k et h ea v e r a g ev a l u eo fd in Equation 12, i.e., d = l/2.
Note that r and l need to have proper values to mini-
mize the energy of cluster, i.e., minimize F Equation 8,
Table 1 The energies of NN and effective NNN bonds and
their ratio on metal surfaces
Surface Cu (RGL) Ni (EAM) Ag (SEAM) Pt (SEAM)
Enn 0.2404 0.2824 0.2569 0.3972
E∗
nnn 0.04570 0.04129 0.00684 −0.16753
ξ 5.26 6.84 37.56 −2.37
nc
1 12 14 76 -
nc
2 35 41 227 -
A 0.269 0.207 0.038 -
nc
1 and nc
2 are the critical sizes predicted by Equation 11, which are in
accordance with those from GA optimization. A is the aspect ratio of the
equilibrium island given by Equation 14.
Figure 5 The relative energy distribution. Same as Figure 4, but for Ag(110) surface.
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r =

n
ξ
−
1
2
l =

nξ. (13)
If the right side of Equation 13 is not an integer, then
the close one which minimizes F is taken as the value
for r or l. Then, we obtain the aspect ratio A of the
equilibrium island:
A =
(r − 1)
√
2a
la
=
√
2

n
ξ
−
3
2
	
/

nξ ≈
√
2
ξ
, (14)
where a is distance between two nearest neighbor
atoms. Note that we have used

n/ξ> >3/2 for large
c l u s t e r sa n da s s u m e dt h a te a c hN Nb o n dh a st h es a m e
length in Equation 14. Therefore, the equilibrium shape
of large cluster only relates with ξ, i.e., the ratio of NN
and NNN bond energies. If the cluster has large ξ,t h e
aspect ratio A is small, and then the equilibrium shape
is long in [1¯ 10] direction and narrow in [001] direction.
If the ξ is small, then the equilibrium shape with large
aspect ratio A appears short and wide. For clusters on
Ag(110), as shown in Table 1, our calculation shows
that A is small, only 0.038. Such aspect ratio suggests
the equilibrium shape of large clusters on Ag(110) is
strip-like in [1¯ 10] direction, and it is consistent with
the experimental observation in general [19].
From the distinguishing features of the structures in
LES group and the simplified atomic interaction model
Equation 7, we can further discuss the surface recon-
struction qualitatively. On Pt(110), as mentioned above,
there is only linear chain in the LES group, the reason is
that the effective next nearest-neighbor atomic interac-
tion in cluster is repulsive. The islands are all excluded
from the LES group. The result suggests that the Pt ada-
toms on Pt(110) do not tend to form close-packed con-
figuration but prefer the loose one which is continuous
in [1¯ 10] direction but discontinuous in [001] direction,
e.g., structure (a) in Figure 6, where two types of struc-
tures for large adatom cluster on fcc(110) are shown.
The calculation shows that the energy of loose config-
uration as the structure (a) in Figure 6 is indeed much
lower than that of the compact one as the structure (b)
in Figure 6, and thus the former configuration has much
higher frequency to occur than the latter one. When the
cluster size increases, the compact configuration like the
island (b) in Figure 6 forms the regular unreconstructed
surface, while the loose configuration as structure (a)
will form the surface with (1 × 2) reconstruction. There-
fore, on Pt(110) surface, the (1 × 2) reconstruction has
much higher frequency to occur than the regular unrec-
onstructed arrangement. In other words, the (1 × 2)
reconstruction would occur naturally on Pt(110), which
in view of atomic interaction is caused by the repulsive
NNN atomic interaction. According to the FIM observa-
tion, Pt(110) is indeed naturally form (1 × 2) reconstruc-
tion at room temperature [20].
For cluster on other surfaces, e.g., Cu(110) and Ag
(110), different from the case on Pt(110), the compact
configuration has much lower energy than the loose one
because the effective next nearest-neighbor adatom-ada-
tom interaction is attractive as mentioned above. Then,
on Cu(110) and Ag(110) surfaces, the compact structure
such as island (b) in Figure 6 has much higher fre-
quency than structure (a). Therefore, contrary to Pt(110)
surface, the Cu(110) and Ag(110) surfaces are unlikely
to occur (1 × 2) reconstruction naturally, which are in
good agreement with the observation of Zhang et al.
[21]. These accordant results including the shape of
large islands and the surface reconstruction reflect that
our model Equation 7 really works although it is just
based on the simplified two-body interaction.
Conclusion
Groups of low-energy structures are obtained for clus-
ters adsorbed on Ag(110), Ni(110), Cu(110), and Pt(110)
surfaces by the genetic algorithm based on the EAM,
SEAM, and tight-binding potentials. In order to explain
or understand the low-energy structures, we give a
model based on the simplified atom-atom interactions.
The result shows that the difference of the low-energy
structure on different surface is due to the effective
NNN adatom-adatom interaction although it is very
weak comparing to the NN atomic interaction. For a
repulsive NNN atomic interaction, e.g., on Pt(110), there
is only one type of structure in the LES group, i.e., lin-
ear chain. For an attractive NNN atomic interaction, e.
g., on Ag(110), Ni(110), and Cu(110) surfaces, the struc-
ture type in the LES group is various, and when the
cluster size increases the structure type with fewer rows
will be gradually excluded from the LES group and
replaced by the new one with more rows. The speed of
replacement with the cluster size is determined by the
ratio of the NN and NNN bond energies ξ.B a s e do n
our model, we also discuss the aspect ratio of the large
island and the surface reconstruction on fcc(110) in the
view of atomic interaction. It is shown that the aspect
ratio is inversely proportional to ξ. On Ag(110) surface,
for example, owing to large ξ, the equilibrium shape of
the large island is strip-like in [1¯ 10] direction. The sur-
face reconstruction is related to the NNN atomic inter-
action. On Pt(110) surface, the surface is likely to
reconstruct naturally at room temperature because of
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faces, e.g., Cu(110), however, owing to the attractive
NNN atomic interaction, the natural surface reconstruc-
tion is unlikely to occur. These results are basically in
accordance with the experimental observations.
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Figure 6 Two types of structures for large adatom cluster on fcc(110) surface. Loose (a) and compact (b) configurations of cluster n = 126.
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